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responsibility ofAbstract The effects of composition and thermal annealing in between glass transition and
crystallization temperature on the optical and structural properties of Ga25Se75xTex were
investigated. The glass transition and crystallization temperature of the synthesized samples was
measured by non-isothermal DSC measurements. Amorphous thin ﬁlms of Ga25Se75xTex glasses
were grown onto ultra clean glass/Si wafer (100) substrates using the vacuum evaporation
technique. The effect of thermal annealing on the optical gap (Eg) for Ga25Se75xTex thin ﬁlms
in the temperature range 358–388 K is studied. As-prepared and annealed thin ﬁlms were
characterized by X-ray diffraction, ﬁeld emission scanning electron microscopy, energy dispersive
X-ray spectroscopy and optical absorption. Thermal annealing was found to be accompanied by
structural effects, which in turn, lead to changes in the optical constants. The optical absorption
coefﬁcient (a) for as-deposited and thermally annealed ﬁlms was calculated from the absorbance
data. From the knowledge of absorption coefﬁcient at different wavelengths, the optical band gap
(Eg) was calculated for all compositions of Ga25Se75xTex thin ﬁlms before and after thermal
annealing. Results indicate that allowed indirect optical transition is predominated in as-deposited
and thermally annealed thin ﬁlms. The inﬂuence of Te incorporation and thermal annealing
in Ga25Se75xTex thin ﬁlms results in a gradual decrease in the indirect optical gap, this behavioresearch Society. Production and hosting by Elsevier B.V. All rights reserved.
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F.A. Al-Agel et al.140can be explained as increased tailing. The decrease in optical band gap and an increase in
absorption coefﬁcient and extinction coefﬁcient with thermal annealing can be attributed to
transformation from amorphous to crystalline phase.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Phase-change memories based on chalcogenide glasses constitute
the most promising candidate to scale non-volatile-memory
technology beyond the ﬂash memory architecture [1]. These
glasses can be reversibly switched between the amorphous and
crystalline state and ﬁnd applications in rewritable optical
recording [2–4] and in electrically programmable non-volatile
memories [5]. Phase change optical recording has evolved to a
mature technology that is applied in the re-writable versions of
optical data storage systems of compact disc (CD) and digital
versatile disc (DVD). In phase-change optical recording, the
recording of information is based on writing and erasing
amorphous marks in a crystalline layer of a phase change
material. Amorphous marks are written by a pulsed focused
laser beam which makes the temperature of the phase-change
layer locally higher than the melting point for a short period of
time. After the pulse, the molten area is quenched to the
amorphous state. Since the optical properties of the amorphous
phase are different from those of the crystalline phase, the
written mark can be read out as a contrast in the reﬂectance. The
recorded information can be erased by heating the material with
the same focused laser beam above the crystallization tempera-
ture but below the melting temperature. Due to the increased
mobility of the atoms at increased temperature, the amorphous
state rapidly returns to the thermodynamically more stable
crystalline state. Besides sufﬁcient optical contrast between the
crystalline and amorphous state and a sufﬁciently low melting
point attainable with moderate laser powers, the crystallization
behavior at various temperatures is one of the most important
issues in developing phase-change materials. At elevated tem-
peratures the crystallization rate should be large enough to
enable a high data rate. That is, in phase-change recording the
maximum rate at which previous data can be overwritten with
new data is limited by the speed at which the amorphous marks
of the previous data can be erased. Considerable efforts have
been devoted to the synthesis and characterization of phase
change chalcogenide materials because of their importance in
the development of phase change memory devices. Their
attractive physical properties enable them to play a major role
in electronic devices. Development of optical materials for the
use in optical disk hopes to meet the cost which is necessary to
provide the needs for advanced data storage devices.
Phase separation effects are of general interest in glass science.
It is a term used to describe a phenomenon where an initially
homogeneous system, such as a liquid, will unmix into two or
more ﬁnely mixed chemically or structurally different, compo-
nent or phases. Such structural effects produce usually pro-
nounced changes in glass physical properties including a lowering
of the glass transition temperature, a lowering of the optical
band gap, an increase of molar volumes [6]. The detection of
phase separation in a glass is sometimes very difﬁcult, since phase
separation may produce only subtle changes in the diffractionpattern, whereas changes in the microstructure are evident only if
the separating phases markedly differ in electron density. Since at
normal heating rates amorphous materials generally crystallize
just above the glass transition temperature, the glass transition
temperature can be seen as a lower limit for the crystallization
temperature. Crystallization below the glass transition tempera-
ture is extremely slow due to the high activation energy for atom
movement. The glass transition temperature is therefore a good
parameter for ﬁrst-order estimation of the archival life stability
of phase-change material.
A number of works [7–17] exists which trace the inﬂuence of
thermal annealing/photo-induced effect/UV exposure/irradia-
tion by high energy sources etc on structural, optical and
electrical properties in thin ﬁlms of chalcogenide glasses. These
glasses are sensitive to the absorption of electromagnetic
radiation and show a variety of thermally induced effects.
These changes are accompanied by changes in the optical
constants, i.e., changes in the optical band gap, extinction
coefﬁcients and optical absorption coefﬁcient. These changes
are favored in chalcogenide glasses due to their structural
ﬂexibility (low coordination of chalcogens) and also due to
their high-lying lone-pair p states in their valence bands.
The aim of the present research work is to study the effect of
thermal annealing on the structural and optical properties of
Ga25Se75xTex chalcogenide thin ﬁlms and to investigate the
possibility of using these thin ﬁlms as a phase change recording
media which could be viewed through the optical and structural
properties.2. Experimental method
Bulk samples of Ga25Se75xTex (x¼6, 9, 12 and 15) chalcogenide
glasses were prepared by conventional melt quenching technique.
High purity (99.999% purity) materials of Ga, Se and Te were
weighed according to their atomic percentage and sealed in quartz
ampoules with a vacuum of 105 Torr. The samples were then
heated and melted in a rocking furnace, where temperature was
raised at a rate of 4 K per minute for up to 1273 K for 15 h.
During heating process, the ampoules were frequently rocked by
rotating a ceramic rod to which the ampoules were tucked away in
the furnace in order to obtain a compositionally homogenous
melt. The molten samples were then rapidly quenched in ice
cooled water. The quenched samples were taken out by breaking
the ampoules. The glassy nature of the samples was established by
the non-isothermal Differential scanning calorimeter (Model DSC
Plus, Reheometric Scientiﬁc Company, UK) measurements at
constant heating rate of 20 K/min. The DSC scan as shown in
Fig. 1 was obtained by heating 8 mg of the powdered sample
sealed in an aluminum pans. Two characteristic phenomena are
evident in this ﬁgure; (1) endothermic-like phenomenon indicating
the glass transition region and (2) an exothermic phenomenon that
manifest the crystallization process. The presence of the sharp
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Fig. 1 DSC trace for the powdered Ga25Se75xTex chalcogenide
glasses at 20 K/min.
Fig. 2 Field emission scanning electron micrograph image of as-
prepared thin ﬁlms of Ga25Se63Te12 glass and the inset of Fig. 1
shows the energy dispersive X-ray spectroscopy (EDAX) of
Ga25Se69Te6 thin ﬁlms deposited on Si (100) wafer.
Study of phase separation in Ga25Se75xTex chalcogenide thin ﬁlms 141glass transition and crystallization peaks conﬁrms the glassy as
well as the amorphous nature of the prepared sample.
Thin ﬁlms of Ga25Se75xTex chalcogenide glasses were pre-
pared by thermal evaporation technique at a base pressure of
1 105 Torr onto the glass/Si wafer (100) substrates. The
thickness of the ﬁlms was measured by using a quartz crystal
monitor (Edward model FTM 7). The earthed face of the crystal
monitor was facing the source and was placed at the same height
as the substrate. The evaporation was controlled by using the
same FTM 7 quartz crystal monitor. To study the phase
separation in Ga25Se75xTex chalcogenide thin ﬁlms, the thermal
treatment was performed for 2 h in a vacuum furnace under a
vacuum of 103 Torr at three different temperatures 358, 373
and 388 K. These temperatures are in between the glass transi-
tion and crystallization temperature of the prepared samples. A
Regaku X-ray diffractometer Ultima IV was employed for
studying the structural changes, energy dispersive X-ray analysis
(EDAX) for elemental compositions, ﬁeld emission scanning
electron microscope (FESEM) (QUANT FEG 450, Amsterdam,
Netherlands) for surface morphology and A JASCO, V-500,
UV/VIS/NIR computerized spectrophotometer for optical
absorption with photometric accuracy of 70.004 of as-
prepared and annealed thin ﬁlms.Fig. 3 Field emission scanning electron micrograph image of crystal-
lized thin ﬁlms of Ga25Se63Te12 glass deposited on Si (100) wafer.3. Results and discussion
The elemental compositions of Ga25Se75xTex chalcogenide
glasses were checked by energy dispersive X-ray analysis
(EDAX). The composition of the as-deposited thin ﬁlms was
almost similar to that of the bulk alloys. The inset of Fig. 2
shows the energy dispersive X-ray spectroscopy (EDAX) of
Ga25Se69Te6 thin ﬁlms deposited on Si (100) wafer (similar
ﬁgures were also obtained for other ﬁlms and are not shown
hear). The surface morphology of the as-prepared and ther-
mally annealed thin ﬁlms deposited on Si (100) wafer of
Ga25Se75-xTex chalcogenide thin ﬁlms was examined by aFESEM. The microscope was operated at an accelerating
voltage of 20 kV with 10 mm work distance. Figs. 2 and 3
show the FESEM of as-prepared and thermally annealed thin
ﬁlm of Ga25Se63Te12 glass deposited on Si (100) wafer. From
FESEM pictures it is clear that the surface morphology of the
ﬁlm was changed due to annealing which conﬁrms the crystal-
lization behavior and grains formation during the process.
Fig. 4 shows the XRD patterns of as-prepared and annealed
thin ﬁlms of Ga25Se60Te15 glass deposited on glass substrates
(similar trends were also obtained for other ﬁlms and are not
shown hear). The absence of sharp structural peaks for as-
prepared ﬁlm conﬁrms the amorphous nature while the presence
of sharp structural peaks for thermally annealed ﬁlms conﬁrms
the polycrystalline nature of the sample. The copper target was
used as a source of X-rays with l¼1.54178 A˚ (Cu Ka1). The
scanning angle was in the range of 101–1001. A scan speed of
21/min and a chart speed of 1 cm/min were maintained. The
patterns display six diffraction peaks at 2y values of 17, 34, 49, 60,
74 and 881, which correspond to the diffraction lines produced by
the (100), (110), (201), (323), (213) and (422) crystalline planes.
F.A. Al-Agel et al.142The absence of any other prominent diffraction peaks indicates
that no other crystalline phases, such as oxides or carbonates exist
with detectable concentration within the layers.
A computerized spectrophotometer with photometric accu-
racy of 70.004 in absorbance measurements was used for
measuring optical absorbance in the wavelength region 400–
1100 nm. Optical parameters of the ﬁlms under investigation
can be calculated from the knowledge of the absorption data
obtained from the spectrophotometric measurements. The
spectral distribution of optical absorbance for as-deposited
and thermally annealed thin ﬁlms at different annealing
temperatures were further used to calculate the optical
absorption coefﬁcient through the following relation [7–10].
a¼Absorbance ðoptical densityÞ=film thickness ð1Þ
a¼ ð1=tÞ logðI0=ItÞ ð2Þ
where I0 is the incident intensity and It is the intensity after
traveling a thickness (t) in the sample.
It was reported [18] that in a non-crystalline material, such
as chalcogenide glassy alloy, the absorption coefﬁcient
increases exponentially with the photon energy (hn) near the
energy gap. This optical absorption edge is known as Urbach
edge [19] and is given by:
a¼ a0exp ðhn=EeÞ ð3Þ
where a0 is a constant, h is Plank’s constant and Ee is the
width of the band tail of the localized states in the band gap.
In solid materials, the absorption spectra give important
information about the band structure and the band gap for10 20 30 40 50 60 70 80 90 100
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Fig. 4 XRD pattern of as-prepared and annealed (388 K for 2 h)
thin ﬁlms of Ga25Se60Te15 glass deposited on glass substrate.
Table 1 Absorption coefﬁcient (a) in Ga25Se75xTex chalcogenid
Sample Absorption coefﬁcient (a) (cm1) at 560 nm
As-prepared Annealed at 358 K
Ga25Se69Te6 1235 1685
Ga25Se66Te9 1897 2397
Ga25Se63Te12 1948 2475
Ga25Se60Te15 2460 2678crystalline and amorphous materials. The obtained values of
the absorption coefﬁcient with different annealing tempera-
tures of as-deposited and thermally annealed thin ﬁlms of
Ga25Se75xTex chalcogenide glasses deposited on glass sub-
strates are given in Table 1. From this table it clear that the
absorption coefﬁcient increases linearly with increasing
annealing temperature and also with the addition of Te
concentration.
The calculated values of the absorption coefﬁcient are in the
order of 104 cm1, which agrees fairly well with the results
reported by other workers [7–10]. For higher values of absorp-
tion coefﬁcient, which is the case in the present study, it is
suggested [18] that the absorption takes the form:
ða hnÞ ¼B½hnEgp ð4Þ
where n is the frequency of the incident beam (o¼2pn), B is a
parameter that depends on the transition probability, Eg is the
optical band gap of the investigated ﬁlms, and p is an index
associated with the type of transition, which may be direct or
indirect. Both types of transition involve the interaction of
electromagnetic waves with an electron in the valance band,
which is excited across the gap to the conduction band. In fact p
takes the values of 1/2 and 2 for allowed direct and indirect
transitions, respectively, and takes values of 1/3 for forbidden
direct and 3 for forbidden indirect transitions. To obtain the
value of p, several authors [20–24] have suggested that the
quantity (ahn)1/p must be plotted as a function of the incident
photon energy (hn) for all possible values of p and the one which
ﬁts Eq. (4) will be taken as the value of p. In the present study
the value of p comes out to be 2 indicating that allowed indirect
optical transitions are involved in the studied ﬁlms.
The variation of (ahn)1/2 as a function of (hn) for as-
deposited and thermally annealed Ga25Se63Te12 chalcogenide
thin ﬁlms deposited on glass substrates are shown in Fig. 5
(similar trends were also obtained for other ﬁlms and are not
shown hear). The band gaps are obtained by extrapolating the
linear portions of the plots to intersect the energy axis.
The obtained values of the optical band gap for all samples
at different annealing temperatures are given in Table 2. It is
clear from this table that the band gap decreases with the
addition of Te and also by increasing the annealing tempera-
tures. It is known that dangling bonds together with some
saturated bonds [25] are produced during the deposition of
amorphous ﬁlms [26–27]. The dangling bonds are responsible
for the formation of some defects in the ﬁlm. Such defects
produced localized states in amorphous solids. The presence of
high concentration of localized states in the band structure is
responsible for the low values of the optical energy gap in case
of amorphous Ga25Se75xTex thin ﬁlms.es thin ﬁlms.
Annealed at 373 K Annealed at 388 K
2128 2765
2897 3398
2978 3548
3258 3778
Study of phase separation in Ga25Se75xTex chalcogenide thin ﬁlms 143The reduction of optical band gap with thermal annealing is
attributed to the amorphous–crystalline phase transformations.
During thermal annealing of amorphous solids at temperature
higher than the glass transition temperature, enough vibrational
energy is present to break some of the weaker bonds, thus
introducing some translational degrees of freedom to the system.
Consequently, crystallization via nucleation and growth becomes
possible and depends on the annealing temperature. Thermal
annealing of amorphous thin ﬁlms at temperatures higher than
the glass transition temperature causes crystallization. The
amount of the thermally transformed crystalline phase increases
with increasing annealing temperature. The major change in the
optical energy gap after thermal annealing could be attributed to
the thermally induced crystalline phase.
It has also been observed that the optical band gap decreases
continuously with an increase of Te content in Ga25Se75xTex
glass. The shift in the absorption edge towards lower energies
on Te incorporation in the amorphous thin ﬁlms might be
explained on the basis of increased tailing of the band edge into
the gap.
The optical behavior of a material is generally utilized to
determine its optical constants such as extinction coefﬁcient
(k). The values of extinction coefﬁcient at different wavelength
have been calculated by using the formula
k¼ ðalÞ=ð4pÞ ð5Þ
The spectral dependence of extinction coefﬁcient (k) for
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Fig. 5 (ahn)1/2 against photon energy (hn) for as-prepared and
annealed Ga25Se63Te12 chalcogenide thin ﬁlms deposited on glass
substrates.
Table 2 Optical band gap in Ga25Se75xTex chalcogenides thin
Sample Optical band gap (eV)
As-prepared Annealed at 358 K
Ga25Se69Te6 0.9270.01 0.8670.01
Ga25Se66Te9 0.7170.01 0.4470.01
Ga25Se63Te12 0.5970.01 0.5270.01
Ga25Se60Te15 0.4170.01 0.3570.01chalcogenide thin ﬁlms deposited on glass substrate is shown
in Fig. 6. The values k at different annealing temperatures and
Te concentration are given in Table 3. It is clear from this
table that the values of extinction coefﬁcient increases with
increasing annealing temperatures and also by increasing Te
concentration, which can be explained as, chalcogenide thin ﬁlms
always contain a high concentration of unsaturated bonds or
defects. These defects are responsible for the presence of localized
states in the amorphous band gap. During thermal annealing at
temperature below the crystallization temperature, the unsatu-
rated defects are gradually annealed out producing a large
number of saturated bonds. The reduction in the number of
unsaturated defects decreases the density of localized states in the
band structure consequently increasing the extinction coefﬁcient.4. Conclusion
In the present research work, it was observed that the
thermally-evaporated amorphous Ga25Se75xTex thin ﬁlms
undergo structural transformations when annealed at a tem-
perature in between glass transition and crystallization tem-
perature undergo thermo-structural transformations. Thermal
annealing causes a decrease in the indirect optical band gap.
This behavior is attributed to the production of surface
dangling bonds around the formed crystallites during the
process of crystallization. The transformation from amor-
phous to crystalline phase was studied using both X-ray andﬁlms.
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Fig. 6 Variation of extinction coefﬁcient (k) against incident
photon energy (hn) in Ga25Se69Te6 chalcogenides thin ﬁlms.
Table 3 Extinction coefﬁcient (k) in Ga25Se75xTex chalcogenides thin ﬁlms.
Sample Extinction coefﬁcient (k) at 560 nm
As-prepared Annealed at 358 K Annealed at 373 K Annealed at 388 K
Ga25Se69Te6 0.042570.004 0.056870.004 0.078570.004 0.085970.004
Ga25Se66Te9 0.064670.004 0.074670.004 0.089670.004 0.108670.004
Ga25Se63Te12 0.072570.004 0.082970.004 0.095870.004 0.115970.004
Ga25Se60Te15 0.089570.004 0.095870.004 0.1125 70.004 0.134270.004
F.A. Al-Agel et al.144FESEM. The absorption coefﬁcient is found to increase by
increasing Te concentration as well as by thermal annealing,
which can be attributed to the optical scattering at the grain
boundaries and the intrinsic absorption due to high concen-
tration of defect states in the grain boundaries.
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